ABSTRACT A longstanding problem is identifying the elusive progenitors of Type Ia supernovae (SNe Ia), which can roughly be split into Chandraksekhar and sub-Chandrasekhar mass events. An important difference between these two cases is the nucleosynthetic yield, which is altered by the increased neutron excess in Chandrasekhar progenitors due to their pre-explosion simmering and high central density. Based on these arguments, we show that the chemical composition of the most metal-rich star in the Ursa Minor dwarf galaxy, COS 171, is dominated by nucleosynthesis from a low-metallicity, lowmass, sub-Chandrasekhar mass SN Ia. Key diagnostic abundance ratios include Mn/Fe and Ni/Fe, which could not have been produced by a Chandrasekhar-mass SN Ia. Strong deficiencies of Ni/Fe, Cu/Fe and Zn/Fe also suggest the absence of alpha-rich freeze-out nucleosynthesis, favoring low-mass WD progenitor SN Ia, near 0.95 M ⊙ from comparisons to numerical detonation models. We also compare Mn/Fe and Ni/Fe ratios to the recent yields predicted by Shen et al., finding consistent results. To explain the [Fe/H] at −1.35 dex for COS 171 would require dilution of the SN Ia ejecta with ∼ 10 4 M ⊙ of material, which is expected for a SN remnant expanding into a warm interstellar medium with n ∼ 1 cm 3 . In the future, finding more stars with the unique chemical signatures we highlight here will be important for constraining the rate and environments of sub-Chandrasekhar SNe Ia.
INTRODUCTION
The low average metallicity of most dwarf galaxies suggests that, like the Milky Way (MW) halo, star formation (SF) was truncated in these systems prior to complete gas consumption, presumably due to gas loss (e.g., Hartwick 1976 ). Thus, dwarf galaxies offer the potential to study the early phases of chemical enrichment.
In the Type Ia supernova (henceforth SNIa) time-delay picture of chemical evolution (e.g., Matteucci & Brocato 1990 ; henceforth MB90) dwarf galaxies experience a low specific star formation rate (SFR), resulting in an increased fraction of nucleosynthesis products from SNIa versus core-collapse, Type II, supernovae (henceforth SNII), compared to the MW at any given metallicity. In this scenario MB90 predicted that dwarf galaxies would show low [α/Fe] ratios, compared to the MW disk, due to enhanced iron production from SNIa without extra α-element synthesis from SNII. These low [α/Fe] ratios were subsequently observed (e.g., Shetrone et al. 2001, 2003) .
Thus, it appears that dwarf galaxies are enhanced in SNIa ejecta; so, the chemical composition of stars in these systems may be employed as probes of SNIa nucleosynthesis and thereby provide constraints on the SNIa mechanism.
For recent reviews of SNIa scenarios and variants, including nucleosynthesis predictions, see Seitenzahl & Townsley (2017) and Maoz et al. (2014) . One longstanding scenario for SNIa involves an explosion following transfer of mass from a companion onto a white dwarf (WD) near the Chandrasekhar mass limit (e.g., Whelan & Iben 1973) .
As first noted by Arnett (1971) iron-peak nucleosynthesis depends strongly on the neutron excess 1 , η, during the explosion; in particular, the yields for neutron-rich species like 51 V, 55 Mn and 58 Ni are reduced at low neutron excess values. Timmes et al. (2003) suggested that a dispersion of SNIa metallicities could be responsible for much of the intrinsic variation in the luminosity of SNIa, due to the dependence of explosively-produced 56 Ni on the neutron excess, which changes markedly with metallicity.
Detailed nucleosynthesis calculations for Chandrasekhar-mass SNIa scenarios (e.g., Piro & Bildsten 2008; Chamulak et al. 2008; Martínez-Rodríguez et al. 2016; and Piersanti et al. 2017) showed that for ∼1,000 years prior to the SNIa explosion low-level carbon burning, or simmering, occurs which increases η to a value roughly equivalent to half solar composition. In particular, the Piersanti et al. (2017) calculations show that very low metallicity Chandrasekhar-mass SNIa have a floor in η at the time of explosion near η=6.7×10 −4 ; however, at higher metallicity, SNIa show correspondingly larger η. Thus, even with the η increase due to simmering, SNIa nucleosynthesis yields reflect their original metallicity. However, the basic conclusion from these studies is that all Chandrasekhar-mass SNIa experience pre-explosion simmering with an increase to high η.
Thanks to this increased η, even quite metal-poor Chandrasekhar-mass WD produce SNIa Mn/Fe and Ni/Fe yield ratios that are not too different from the solar values.
Alternate SNIa scenarios (e.g., Iben & Tutukov 1984; Webbink 1984; Fink et al. 2007 ) involves detonation following rapid helium accretion, or a violent collision, or merger, of two sub-Chandrasekhar mass WDs, ultimately triggering a detonation in the primary. Importantly, the simmering phase does not occur in these subChandrasekhar mass models, so there can be no increase in η beyond that provided by the primordial metallicity, unlike the Chandrasekhar-mass models. Furthermore, according to Seitenzhal et al. (2013) the critical density required to produce 55 Mn following normal freeze-out after nuclear statistical equilibrium (NSE) (ρ≥2 × 10 8 g cm −3 ) is not reached for WD masses below ∼1.2M ⊙ , suggesting no Mn production in sub-Chandrasekhar mass models. Contrary to this assertion, however, the 0.88 to 1.15M ⊙ sub-Chandrasekhar mass SNIa models of E. Bravo (introduced in Yamaguchi et al. 2015) show a factor of 10 range in both Mn/Fe and Ni/Fe yield ratios, depending on initial mass and metallicity; these results are confirmed in the recent work of Shen et al. (2017) .
Notwithstanding these details, low-metallicity subChandrasekhar mass SNIa are expected to produce very low Mn/Fe and Ni/Fe ratios, distinctly lower than the near-solar values expected from Chandrasekhar-mass SNIa. Thus, the Mn/Fe and Ni/Fe yield ratios are intimately related to the SNIa mechanism and may be employed for diagnostic purposes.
While direct measurement of iron-peak element ratios ratios in supernova remnants (e.g. Badenes et al. 2008a; Yamaguchi et al. 2015; Martínez-Rodríguez et al. 2017) provides a way to probe the SNIa mechanism (e.g., Bravo 2013) , the important role of SNIa in the chemical evolution of dwarf galaxies suggests that the composition of these systems may also be of use (e.g., North et al. 2013; Kobayashi, Nomoto & Hachisu 2015) . We may expect chemical signatures from SNIa to be enhanced in low-metallicity, low-mass, dwarf galaxies, where the chemical enrichment by SNII is truncated and small numbers of SNe could potentially have a significant and measurable effect on chemical composition. Based on progenitor lifetimes, the order of iron-peak nucleosynthesis might reasonably be: SNII, followed by Chandrasekhar mass SNIa, and finally sub-Chandrasekhar mass SNIa. Thus, one might expect that the most metal-rich stars in a dwarf galaxy are more likely to result from a subChandrasekhar mass SNIa phase of chemical enrichment.
This work was motivated by the unusual composition of the most metal-rich star, COS 171, in the Ursa Minor dwarf galaxy (henceforth UMi), as measured by Cohen & Huang (2010; henceforth CH10) . We compare the chemical composition of COS 171 to other UMi stars and the Milky Way halo. Accordingly, we identify a chemically normal star, UMi 28104, useful as a standard to isolate the composition of the contamination event that produced COS 171. We confirm the published LTE abundance calculations of CH10 and, when possible, we have applied differential non-LTE corrections. After comparison of our final chemical abundance ratios with predicted yields from a variety of supernova nucleosynthesis scenarios, we conclude that the COS 171 composition resulted from a low-mass, metal-poor, sub-Chandrasekhar mass SNIa event. In a chemical evolution context, this is most easily understood as due to a sub-Chandrasekhar mass SNIa diluted with ∼10 4 M ⊙ of hydrogen, consistent with expectations for a supernova remnant expanding into a warm interstellar medium.
THE CHEMICAL COMPOSITION OF URSA MINOR
The detailed chemical composition of stars in UMi has been investigated by Shetrone, Côte & Sargent (2001) , Sadakane et al. (2004) , and CH10.
The seminal work of Shetrone et al. (2001) In the following discussion of COS 171, we consider only the UMi abundance results of CH10, in order to avoid complications from systematic measurement differences between studies. Figure 1 shows [X/Fe] versus [Fe/H] in UMi for the sample of stars studied by CH10, with small red crosses, compared to the MW halo, thick and thin disks (black symbols). It is immediately obvious that UMi shows depleted [α/Fe] ratios, with a general trend that is qualitatively consistent with the scenario of MB90, in which dwarf galaxies are predicted to show the decline in [α/Fe] at lower [Fe/H] than the MW due to a reduced SFR. Since this reduction of [α/Fe] is thought to be due to the contribution of iron from SNIa, the UMi stars appear to show an increasing, and relatively large, SNIa/SNII ratio. Notably, the most iron-rich star in UMi, COS 171 (shown as the large filled red circle), exhibits extraordinarily low [α/Fe] ratios compared to any MW study.
At closer inspection, Figure 1 shows that, excluding the most metal-poor star in UMi, the [Mg/Fe] Koch et al. (2008) . Because Mg production is made almost exclusively by massive core-collapse, SNII, events with progenitor masses exceeding ∼30 M ⊙ (e.g. Woosley & Weaver 1995) , the high [Mg/Ca] ratios in Her indicate enhanced pollution by high-mass SNII events. Koch et al. (2008) suggested that for Her this could result from stochastic sampling of the initial mass function (henceforth IMF) that, by chance, favored massive stars. However, the probability of randomly selecting only massive stars, above 30M ⊙ , from the IMF diminishes rapidly with the number of samplings. Such a mechanism could only occur if a small number of SNII events (fewer than 11) produced the Her chemical composition. Similarly, the enhanced [Mg/Ca] ratios in UMi may be the signature of stochastic sampling of the SNII IMF in the chemical evolution of this dwarf galaxy.
We note that in Figure 1 The iron-peak elements in Figure 2 show generally good agreement with the MW stars, but severe under abundances for the most metal-rich UMi star, COS171. In particular, the odd-numbered elements, Sc, V, Mn, and Cu are neutron rich, so their deficiency suggests a rather low neutron excess, η, (or equivalently high electron fraction, Y e ).
It occurs to us that the excessively low [X/Fe] ratios for the 8 elements in COS 171, shown in Figures 1 and 2 , might be largely explained by the addition of nearly pure Cohen & Huang (2010) . Black crosses indicate MW thin and thick disk stars, and some halo stars, from Reddy et al. (2006) ; black filled circles are MW metal-poor halo stars from Barklem et al. (2005) ; black open circles show [Si/Fe] for MW halo and disk stars from Fulbright (2000) . In the standard chemical evolution paradigm of Matteucci & Brocato (1990) , the low [α/Fe] ratios suggest heavy contamination by SNIa ejecta in UMi, compared to the MW, increasing with increasing [Fe/H]. iron to a pre-existing composition. In Figures 3 and 4 The unusual composition of UMi star #171 is evident. This figure includes revised abundances for O and K, based on our re-analysis of the CH10 spectra. Figure 5 shows the abundance ratios of COS 171 relative to the standard, UMi 28104 (i.e. this is the difference in log abundances); we emphasize that this is not the difference in the number of atoms.
The abundance ratios in Figure 5 not only highlight the enhanced elements in COS 171, but thanks to the similar stellar atmosphere parameters of UMi 28104, taking abundance ratios mitigates a number of systematic measurement errors (e.g., gf values, model atmosphere errors, non-LTE effects, temperature scale errors, etc). While the abundance ratios in Figure 5 are based on the CH10 LTE abundances, the points in the figure have been corrected for differential non-LTE effects, whenever possible (see section 2.4).
Error bars in Figure 5 were taken from the abundance dispersions given by CH10, or in the case of oxygen, from the EW uncertainties. The main difference between the ratios presented in Figure 5 compared to the CH10 LTE results is for Mn: with non-LTE corrections the Mn enhancement in COS 171, at +0.11 dex, is less than 1σ from zero, whereas the uncorrected CH10 result is +0.38 dex. In Figure 5 the displayed oxygen abundance ratio is not from CH10, but indicates the value found in this work (see section 2.3) from the original CH10 spectra. Thus, we find no oxygen enhancement for COS 171 relative to UMi 28104, wheres the original CH10 results suggested a higher oxygen abundance for COS 171 by 0.31 dex. Figure 5 shows strong enhancements of neutroncapture elements (i.e., elements heavier than zinc), increasing with increasing atomic number, which appears to be due to an r-process enrichment event that affected all UMi stars above [Fe/H]∼−1.9 dex. Since three such r-process rich stars do not share the unusual iron-peak composition of COS 171, we assume that the r-process enrichment event was an unrelated phenomenon.
Excluding the neutron-capture elements, Figure 5 shows clear detection of Si, Ca, Cr and Fe enhancements in COS 171, well above the individual measurement uncertainties. Marginal detections, comparable to the estimated error bars, occur for C, K 2 , Ti, V, Mn, and Ni, while O, Na, Mg, Sc, Co, Cu and Zn show no evidence for enhancement.
A Check on the LTE Results
As a check on CH10 results, for UMi 28104 and the unusual UMi star COS171 we have employed the CH10 equivalent widths (EWs) and atmosphere parameters to compute element abundances, using the 2014 version of the LTE spectrum synthesis program MOOG (Sneden 1973) . Our abundances are in very good agreement with CH10, including the excitation temperatures derived from Fe I lines, thus supporting the unusual composition for COS171 claimed by CH10.
Oxygen and Potassium Re-analysis
The CH10 abundance of oxygen in COS 171 was based on only two lines: [O I] at 6363Å and O I at 7771Å, with putative EWs of 12.6 mÅ and 8.5 mÅ; for UMi 28104 only the 6363Å line was measured, with an EW of 8.8mÅ. These EWs are strongly affected by noise, given the 1σ EW uncertainty of ∼4mÅ, which explains the large abundance difference derived from the two lines in COS 171.
Curiously, the [O I] line at 6300Å, which has a larger gf value than the 6363Å line (roughly three times stronger) was not employed by CH10.
In our comparisons of observed and predicted yields from a variety of nucleosynthesis sites, the CH10 oxygen abundance showed significant discordance with abundances of other elements, such as Mg. We therefore elected to re-analyze the original CH10 Keck/HIRES spectra of COS 171 and UMI 28104, which we downloaded from the Keck Archive 3 .
Reduction to 1-dimensional spectra was performed using the program makee and EWs were measured with the IRAF splot routine.
These spectra show that the 6363Å [O I] and O I 7771Å lines are, indeed, extremely noisy in COS 171 and UMi 28104. The [O I] line at 6300Å has significant EW and should be readily measured; however, in the CH10 UMi spectra this line is blended with a comparable telluric O 2 inter-combination (P7) line from the (2-0) 2 Based on our re-analysis of the K abundance for COS 171 3 https://www2.keck.hawaii.edu/koa/public/koa.php the feature has a total EW of 35.8mÅ. We estimated the strength of the blending telluric O 2 line from the EW of its spin-doublet, located 0.78Å redward. The two P7 spin-doublet lines have very similar, but not identical, EWs in telluric standard spectra of hot stars, and the redder of the doublet lines is unblended in the UMi stellar spectra. We computed the strength ratio of the O 2 line pair from a high S/N spectrum of a telluric standard B star, which then enabled the strength of the O 2 contamination of the [ We also employed the CH10 spectra to check the measured EW for critical species, including potassium, for which only the K I line at 7699.0Å was used to determine potassium abundances. We measured a K I line EW of 105mÅ for COS 171, significantly smaller than the 130mÅ in CH10; however, we confirmed the CH10 K I line EW for UMi 28104, at 109mÅ. Our K I EW measurement resulted in a decreased potassium abundance for COS 171, at ε(K)=3.28 dex, which is within 0.01 dex of the value found for UMi 28104. Thus, there appears to have been no measurable potassium production by the progenitor event to COS 171.
Non-LTE Effects and Abundance Uncertainties
Our use of star UMi 28104 as a comparison to COS 171 both accounts for the pre-existing UMi composition present in COS 171 and eliminates constant systematic effects, such as log gf scales. Note.
When possible, the non-LTE corrections are taken from the MPIA non-LTE web page (http://nlte.mpia.de/) of Bergemann, which was used for O, Mg, Si, Ti, Mn, Fe and Co. For Na we employed non-LTE web page INSPECT, http://inspect.coolstars19.com/, of Lind. For Ca we used the non-LTE web page of Mashonkina, http://spectrum.inasan.ru/nLTE/. Source references are cited in these web pages, but are not always correct, or may not contain information given by the web page.
1. Average Na I corrections are -0.057 and -0.087 for 171 and 104 if Na D lines included 2. See Bergemann et al. (2016) . Also Osorio & Barklem (2016) and Mashonkina (2013) 3. Si corrections in the MPIA web page are not given in the identified reference. 4. Non-LTE corrections for the K I line at 7699Å estimated from Ivanova & Shimanskiȋ 2000 5. Ca non-LTE corrections given by Mashonkina, Sitnova, & Pakhomov (2016) 6. Sc II non-LTE corrections not found, but assumed to be zero or very small. 7. For Ti I source reference is Bergemann (2011) ; but see also Mashonkina et al. (2016) . 8. Ti II non-LTE corrections Mashonkina et al. (2016) are negligibly small. 9. We could not find non-LTE corrections for vanadium. 10. Lawler et al. (2017) found non-LTE corrections for Cr near +0.04 dex in the metal-poor dwarf HD84937. Bergemann & Cescutti (2010) also presented Cr non-LTE corrections for dwarf stars. 11.MPIA web page cite Mn non-LTE corrections from Bergemann & Gehren (2008) 12.MPIA web page cite Fe non-LTE corrections from Bergemann et al. (2012) 13.MPIA web page cited cobalt non-LTE corrections from 14. Wood et al. (2014) found no evidence of non-LTE effect on Ni in the metal-poor dwarf HD84937. 15.Our estimated Cu non-LTE corrections are based on calculations for metal-poor dwarf stars by Yan et al. (2015 Yan et al. ( ,2016 ; see also Shi et al. (2014) . 16.Zinc non-LTE corrections estimated from metal-poor dwarf calculations by Takeda et al (2005) , who assumed no collisions with hydrogen, SH=0.
One important correction enabled by taking differences between COS 171 and UMi 28014 is that these stars are both metal-poor RGB stars and both likely suffer similar non-LTE effects on the derived LTE abundances. Thus, to first-order the non-LTE effects cancel-out when comparing COS 171 to UMI 28104, but because the latter is more metal-poor, by ∼0.7 dex, differential non-LTE effects are possible. In particular, non-LTE effects are typically more extreme in more metal-poor stellar atmospheres (e.g. Collet We refer the reader to Asplund (2005) for a review of non-LTE effects in stellar atmospheres, as well as computational aspects, caveats and limitations due to the paucity of known collisional rates.
In order to evaluate the differential non-LTE abundance corrections, and thus compare the abundances here with predicted nucleosynthetic yields, we have searched the literature for non-LTE abundance corrections appropriate for the COS 171 and UMi 28104 atmosphere parameters; this includes the lines used for the abundances of each element. Unfortunately, not all lines of all elements have been investigated, and we could not find non-LTE calculations for vanadium.
Incomplete coverage of stellar atmosphere parameter space is a problem which prevents us from estimating the differential non-LTE abundance corrections between COS 171 and UMi 28104 for some elements; for example, the focus on warm dwarfs in Yan et al. (2015 Yan et al. ( , 2016 prevents reliable differential non-LTE abundance corrections for copper.
In Table 1 we list non-LTE corrections for a variety of species in COS 171 and UMi 28104; when possible, we have preferred results from Bergemann 5 and collaborators, because that group's results include more species than other studies. We make no evaluation of which source of non-LTE corrections is more reliable.
Fortunately, the non-LTE correction differences in Table 1, for most elements are less than 0.10 dex, with the exception of those derived from lines of Ti I, Mn I, and Co I. Since the yield of Mn is sensitive to the neutron excess during explosive nucleosynthesis, it is a useful element for diagnostic purposes; yet, unfortunately, Mn abundances suffer from very large non-LTE corrections.
As Table 1 shows, the Fe I non-LTE abundance corrections for COS 171 are smaller than for UMi 28104, in the same sense as a number of other species; this mitigates, to a small extent, the deviation of the non-LTE corrected [X/Fe I] ratios from the LTE values.
In Table 2 we present our final adopted LTE abundances and non-LTE corrections for COS 171 and UMi 28104. These constitute the data for comparison with a variety of explosive stellar nucleosynthesis scenarios.
COMPARISON WITH NUCLEOSYNTHESIS PREDICTIONS
In this section we compare the chemical composition of COS 171 with predicted nucleosynthesis yields from a variety supernova scenarios. In a first step we simply make a table comparison of the raw LTE and non-LTE corrected COS 171 abundances for a few diagnostic elements. Then for the most promising scenarios, we compare the detailed COS 171 composition to theoretical yields added to the composition of our standard star, UMi 28104, which we have assumed to represent the background composition enriched by the COS 171 progenitor. This has the advantage that zero-point measurement errors common to COS 171 and UMi 28104 cancel-out, giving the smallest measurement uncertainty; however, differential metallicity effects may still be present. Finally, we compare the theoretical yields for sub-Chandrasekhar mass SNIa and Chandrasekhar-mass Table 3 we compare the raw LTE and non-LTE corrected [X/Fe] ratios of a handful of diagnostic elements in COS 171 with predicted element yields for various explosive events.
For core-collapse, SNII, yields we compare with the predictions of Woosley & Weaver (1995; henceforth WW95) and Kobayashi et al. (2006; henceforth K06) ; for pair instability supernovae (PISN) predictions, at z=0, we compare with the results of Heger & Woosley (2002; henceforth HW02) , while for z=0.001 PISN we use the result of Kozyreva, Yoon & Langer (2014) . For predicted SNIa yields of various masses and metallicities we consider the Chandrasekhar-mass DDT models of Badenes et al. (2003 Badenes et al. ( , 2008b and Yamaguchi et al. (2015) , and the sub-Chandrasekhar mass models (henceforth Bravo models) introduced in Yamaguchi et al. (2015) , calculated with a version of the code described in Bravo & Martínez-Pinedo (2012) 6 . In particular, we seek predicted yields that could potentially reproduce the unusually low [Mn/Fe] Figures 1 and 2 .
From Table 3 one can immediately see that massive (e.g., ≥20 M ⊙ ), core-collapse, SNII fail to reproduce the 6 The Bravo sub-Chandrasekhar mass SNIa yields are tabulated in Tables 4-7 in Appendix A of this paper.
COS 171 composition, because of their expected large α-element yields (e.g., Si, Ca); the situation would be worse for more massive SNII, especially for [Mg/Fe] which is over-produced in very massive SNII (e.g. WW95, K06). Table 3 shows that massive SNII also over-produce C, V, Cr, and Mn relative to COS 171.
Low-mass SNII, such as the 12M ⊙ and 13M ⊙ models of WW95 and K06, respectively, produce low enough α-elements to be consistent with COS 171, but they still significantly over-produce carbon, and nickel relative to COS 171. We note that the yields for z=0, 10M ⊙ , SNII predicted by Heger & Woosley (2010) Kozyreva et al. (2014) gives a very poor match to COS 171, and in particular cannot explain the low X/Fe values for Si, Ca, Cr, Mn, and possibly Ni.
For the DDTa Chandrasekhar-mass SNIa model Table 3 shows that C/Fe, Si/Fe and Ca/Fe ratios are low enough to fit COS 171, but Cr/Fe, Mn/Fe and Ni/Fe fail significantly.
The Sub-Chandrasekhar models indicate Mn and Ni abundances low enough to match the observed COS 171 Mn/Fe and Ni/Fe ratios for almost all models presented. However, the 1.06M ⊙ sub-Chandrasekhar mass models give [X/Fe] suitably low for all diagnostic species listed in Table 3 .
Comparison with Chandrasekhar Mass SNIa
Predicted yields for DDT models added to the UMi 28104 background composition, at two deflagration to detonation transition densities (DDTa and DDTc; e.g., Badenes et al. 2003 Badenes et al. , 2008b , and a range of metallicities are shown in Figure 6 ; these give fair agreement with the measured non-LTE corrected COS 171 composition. However, the important neutron-rich elements Mn and Ni are significantly over-produced in these models, well beyond the measurement uncertainties; Cr/Fe is also poorly fit. This disagreement could reasonably be due to the increase in neutron excess during the carbon-burning simmering phase (e.g., Piro & Bildsten 2008) . Badenes et al. (2003 Badenes et al. ( , 2008b ) did not compute Na or K yields, so Figure 4 Mn/Fe and Cr/Fe mass ratios for the zerometallicity, high-density, gravitationally confined detonation (z=0, GCD-HIGHDEN) model provides a reasonable match to the measured Mn/Fe and Cr/Fe mass ratios in COS 171. However, the predicted Ni/Fe mass fractions for all models were factors of 12 to 60 greater than measured for COS 171, with the closest match given by the GCD-HIGHDEN model. The STD-DEF and DDT-HIGHDEN-LOWC/CENTRAL models in Dave et al. (2017) compared badly with COS 171, with Mn/Fe and Ni/Fe much larger than observed, by approximately a factor of 10; however, the Cr/Fe was reasonably well matched by these models. We conclude that none of the single degenerate models match the observed composition of COS 171; in particular, the predicted Mn/Fe and Ni/Fe ratios appear to rule-out this scenario.
Comparison with Pair Instability Supernovae
Yields Interestingly, the predicted PISN element yields, added to the UMi 28104 background composition, for the 260M ⊙ z=0 star of HW02 come fairly close to fitting the measured non-LTE corrected COS 171 X/Fe ratios for most elements, except for Ni/Fe, which is too high by more than 0.5 dex. Given the comparison in Figure 7 , an extrapolation of the PISN yields to slightly higher than their maximum mass might seem to do even better for all elements except Ni. However, HW02 stress that the 260 M ⊙ is strictly the highest possible z=0 PISN mass; above this limit pair production is unable to provide sufficient pressure and the object collapses to a black hole.
Furthermore, an improved fit with PISN yields cannot be obtained with non-zero metallicity PISN events, as indicated by the z=0.001 250M ⊙ model by Kozyreva et al. (2014) , which fails to match the observed Si/Fe, Ca/Fe, Cr/Fe, Mn/Fe and Ni/Fe in COS 171. Thus, currently predicted element yields from PISN events do not fit the composition of COS 171 and we reject this scenario.
Comparison with Sub-Chandrasekhar Mass SNIa
Models Figure 8 shows excellent overlap between the predicted sub-Chandrasekhar mass SNIa yields added to the .00025, models. Thus, there is some disagreement between the best matching sub-Chandrasekhar WD mass, depending on which elements are considered. While errors in the adopted differential non-LTE corrections to Ca, Ti and Cr LTE abundances might resolve the mass discrepancy, the changes required are at least 0.2 dex and need to work in the same direction, which seems unlikely. Alternatively, an increase in the Fe I non-LTE correction for UMi 28104 by 0.2 dex would reduce the progenitor mass indicated by Ca, Ti and Cr, but this would shift all the solid curves in Figure 8 down, and the implied progenitor mass from Si and Ni abundances would move to even lower values, still out of agreement with Ca, Ti and Cr.
In the Bravo models, Cu and Zn are made in two regions: by alpha-rich freeze-out in the core and also following carbon burning close to the surface, where protons and neutrons are released that subsequently build-up Cu and Zn in a series of (n,γ), (p,γ) and (n,p) reactions. Importantly, the alpha-rich freeze-out cannot occur in the 0.88M ⊙ model because its maximum temperature is insufficient for complete Si-burning, unlike the more massive WD models (where maximum temperatures are near T∼6 GK). Furthermore, for the (n,γ) and (n,p) source of Cu and Zn near the surface, the controlling neutronexcess is determined by the original stellar metallicity in the sub-Chandrasekhar mass models. Therefore, the observed low abundances of Cu and Zn in COS 171 suggests both low-metallicity (z=0.00025) and low WD mass (0.88M ⊙ ).
Direct comparison of the background-subtracted COS 171 element mass ratios with predicted subChandrasekhar mass yields are presented in Figures 9 and 10 for Mn/Fe as a function of Ni/Fe and Si/Fe, respectively. These two figures employ abundance differences, by number, of COS 171 minus UMi 28104, compared to the predictions of Bravo (unpublished) . Because these mass ratios are based on true abundance differences, the measurement uncertainties lead to large uncertainties for elements with similar abundances in the two stars; this is despite the small abundance measurement uncertainties, near 0.1 dex, seen in Figure 8 .
We estimated the relative abundance difference uncertainties in Figure 9 and 10 arising from scatter in CH10 measurements, including covariances and random excitation temperature errors, and assuming a 0.03 dex loggf scatter. Accordingly, we found 1σ uncertainties of 0.070 dex, 0.047 dex, and 0.089 dex for for Mn/Fe, Ni/Fe, and Si/Fe, respectively. Thus, the small total relative abundance uncertainties translate into the substantial mass ratio uncertainties shown in Figures 9 and 10 .
In Figure 9 the low Mn/Fe mass ratio indicates a low metallicity for the COS 171 progenitor, within 1σ of the lowest metallicity in the Bravo models, at z=0.00025, corresponding to [Fe/H]=−1.7 dex. Thus, the COS 171 Mn/Fe mass ratio is consistent with a low metallicity sub-Chandrasekhar mass SNIa, and lies well below any of the DDT model predictions.
The COS 171 Ni/Fe mass ratio in Figure 9 also lies well below the DDT models, and below most of the sub-Chandrasekhar mass model predictions, and indicates a low WD mass between 0.97 and 0.88 M ⊙ . We note that for lowest WD masses considered by Bravo, the maximum core temperatures are insufficient to drive the alpha-rich freeze-out, which is an important source of Ni, as well as for Cu and Zn. In the Bravo models, the reduced Ni production from the alpha-rich freeze-out is likely the reason why the predicted Ni/Fe ratio declines steeply below 0.97 M ⊙ and at low metallicity. However, at high metallicity, there is an increase in Ni/Fe, even for the 0.88 M ⊙ models; this is likely due to increased neutron excess for higher metallicity sub-Chandrasekhar mass SNIa.
The importance of the alpha-rich freeze-out in the production of Ni, Cu and Zn leads to a sensitivity of these elements to the WD progenitor mass as well as metallicity; indeed, the measured low Ni/Fe, Cu/Fe and Zn/Fe ratios for COS 171 suggest that the progenitor was likely low-mass, (a linear interpolation suggests 0.95 M ⊙ ) with a reduced or no alpha-rich freezout and very low metallicity. The low metallicity is supported by the measured low Mn/Fe and V/Fe ratios. Figure 10 also shows that the COS 171 composition lies outside the range of Chandrasekhar-mass SNIa in Table 3 . Linear interpolation over Si/Fe for the subChandrasekhar mass models in Figure 10 suggests a mass of 0.94 M ⊙ , consistent with that indicated by the Ni/Fe ratios. Contrary to the case for Ni/Fe, however, the Si/Fe ratio increases with decreasing WD mass; this is likely due to the relatively low temperatures of the low mass models, resulting in incomplete Si burning and larger amounts of unburnt Si remaining.
We may compare the subtracted COS 171 minus UMi 28104 element mass ratios with the subChandrasekhar mass SNIa mass ratio predictions of Shen et al. (2017) , appearing in their figures 8-11. Our subtracted Mn/Fe and Ni/Fe mass ratios for COS 171 lie close to the 0.9 M ⊙ , z=0, result of Shen et al. (2017) in their Figure 8 , but suggest a mass near 0.97 M ⊙ in their Figure 9 , (both adopt a C/O mass ratio of 50/50). On the other hand, the Shen et al. (2017) predictions for Cr/Fe mass ratios, appearing in their Figure 11 , barely overlaps with the measured value for COS 171, but is best matched in their models with a WD mass of 1.1 M ⊙ . As mentioned previously, Cr/Fe mass ratios predicted by Bravo suggest a match to COS 171 near 1.06 M ⊙ . Thus, both sets of sub-Chandrasekhar mass models suffer the same differences with our best estimate for the element ratios in COS 171.
We are encouraged by the agreement between Shen et al. (2017) and Bravo predictions for sub-Chandrasekhar mass SNIa element yields of Si, Mn, Fe, and Ni; of particular significance is the implied low sub-Chandrasekhar mass SNIa, which is also supported by the large deficiencies of alpha-rich freeze-out elements Ni, Cu, and Zn.
However, the higher mass WD progenitor indicated from the Ca/Fe, Ti/Fe and Cr/Fe ratios suggest that details of the actual SNIa event differed slightly from the models. 
CHEMICAL EVOLUTION OF UMI AND COS 171
Here we discuss possible chemical evolution scenarios to explain the unusual chemical composition of COS 171 in UMi. As mentioned previously, it is clear that the composition of the slightly more metal-poor stars in UMi were not on the chemical path to COS 171. However, it appears that COS 171 resulted from the addition of ironpeak and r-process material to the composition of UMi stars near [Fe/H]=−2 dex, such as UMi 28104.
4.1. Contamination of an existing star in the proximity of a single SNIa It is possible that the unusual composition of COS 171, dominated by a sub-Chandrasekhar mass SNIa, may have been due to direct accretion of ejecta from a nearby supernova. In this scenario, COS 171 would have been the outer star in a triple system orbiting a pair of merging low-mass WDs. Assuming an envelope mass for COS 171 of 0.4 M ⊙ , then at [Fe/H]=−1.35 dex, it contains 2.8×10
−5 M ⊙ of iron, of which 6.3×10 −6 M ⊙ was due to the pre-existing, [Fe/H]∼−2 dex, material. If 0.5 M ⊙ of Fe was produced by the SNIa event, then a fraction of only 4.3×10 −5 of the SNIa iron was captured by COS 171. If COS 171 was a main sequence star at the time of the accretion, with roughly solar radius, and assuming that the accretion radius was equal to the physical radius, then COS 171 must have been separated from the SNIa event by ∼76 R ⊙ , roughly 0.4 AU, in order to reach [Fe/H]=−1.35 dex. This distance is smaller than the radius of the RGB star phase of the WD progenitors, so seems unlikely.
On the other hand, if COS 171 was an RGB star, of 20R ⊙ radius, at the time of accretion then the separation Fig. 9 .-Estimated Ni/Fe and Mn/Fe mass ratios for the COS 171 progenitor compared to DDT and sub-Chandrasekhar mass models. Triangles: DDT models with different deflagration to detonation transition densities (a, c, e, f) and metallicities; filled triangles indicate Z DDT =0.010, slightly above the effective value arising from simmering. Small filled circles connected by lines: various sub-Chandrasekhar mass models, for different metallicities. Large filled red circle: COS 171 with background composition of UMi 28104 subtracted. Large black cross: solar value. Note that COS 171 lies in a low-metallicity Mn/Fe region, much lower than possible by DDT models (due to simmering increase of η); COS 171 also has low Ni/Fe, in a region sensitive to WD mass, due to the reduced role of alpha-rich freeze-out nucleosynthesis. At higher metallicity, the Ni/Fe ratio and Mn/Fe ratios increase due to neutron-excess dependent nucleosynthesis. from the SNIa event would have been approximately 7 AU, which is larger than the maximum radius of the AGB phase (roughly 1.5 AU) of the progenitor WDs. These separations seem small considering that merger of two WDs would be required for the SNIa event in an even smaller region, and must also have accommodated the previous RGB and AGB phases for both WD progenitors. Thus, if this mechanism did occur, there may well have been a reduction in the size of the COS 171 orbit prior to the accretion and supernova event. Furthermore, in the RGB accretion scenario the SNIa event must have occurred relatively recently. Given these constraints, we do not favor this scenario. 6 M ⊙ , ejecta from approximately 100 SNIa are required. The difficulty with such a scenario is that with many SNe one might expect to see an averaging of element yields from other nucleosynthesis events, in particular SNII and Chandrasekhar-mass SNIa, in which case the unusual abundance ratios seen in COS 171 might not be expected. For such a scenario a systematic modulation of the polluting supernova ejecta appears to be necessary in order to obtain the COS 171 composition, dominated by subChandrasekhar mass SNIa ejecta.
To circumvent this problem, one could propose that only sub-Chandrasekhar mass SNIa occurred, during a late phase of chemical enrichment in UMi, perhaps from the last epoch of iron-peak enrichment by the longestlived progenitors, which led to the SNIa in UMi dominated by the merger of sub-Chandrasekhar mass WD stars.
Evidence for large-scale enrichment by low-metallicity sub-Chandrasekhar mass SNIa in other dwarf galaxies could be construed, qualitatively, from the deficiencies of V, Mn, Co, Ni, Cu and Zn, relative to Fe, in the Sagittarius dwarf galaxy by Hasselquist et al. (2017) , Sbordone et al. (2007) , and McWilliam et al. (2003) , Ni deficiencies in LMC stars found by Van der Swaelmen et al. (2013) , and Ni deficiencies in the Fornax dwarf galaxy by Letarte et al. (2010) . However, the element deficiencies in these other dwarf galaxies are much less extreme than those seen in COS 171, as if mixing with a range of supernova yields occurred in these systems, unlike COS 171.
Detailed investigation into the less extreme deficiencies, seen elsewhere, is required before they are taken as solid evidence of sub-Chandrasekhar mass SNIa nucleosynthesis; and, they likely require dilution with element yields from other supernova types. Thus, it is possible that sub-Chandrasekhar mass SNIa nucleosynthesis is common among dwarf galaxies, and therefore that a sub-Chandrasekhar mass SNIa dominated phase might have occurred in UMi, but it is not yet proven.
In this pollution scenario, we would expect many other stars sharing the chemical composition of COS 171 to be present in UMi; such objects may yet be found among the lower luminosity UMi stars. Indeed, the frequency of stars in UMi that share the chemical composition of COS 171 would provide strong constraints on the three scenarios outlined here.
Contamination of interstellar gas by a single SNIa
One possibility is that the iron-peak composition of COS 171 resulted from pollution of interstellar gas by a single SNIa event. Since individual SNIa events typically yield approximately 0.5 M ⊙ of iron, this must be diluted with ∼9,000 M ⊙ of [Fe/H]=−2 dex gas, in order to reach the COS 171 metallicity, at [Fe/H]=−1.35 dex. This amount of gas dilution corresponds to a relatively low-mass molecular cloud.
Detailed modelling of the evolution of supernova remnants (henceforth SNR), by Chevalier (1974) , show that the amount of interstellar material (ISM) swept-up by a SNR depends on many factors, including the energy of the explosion, the density of the ISM, the strength of the local magnetic fields, and cooling from metals and grains.
Equations describing SNR growth, in Chevalier (1974) , indicate that at an ISM density of 1.0 cm −3 (characteristic of the warm ISM) the typical SNR shell velocity drops to the dispersion of interstellar clouds at a radius near 44pc, indicating a swept-up mass of 10 4 M ⊙ . This is completely consistent with the detailed SNR treatment of Cioffi et al. (1988) , also including metal-dependent cooling, which gives a radius of 42pc, again with an implied swept-up mass near 10 4 M ⊙ . A more recent calculation, by Asvarov (2014) , is also consistent with these results, and estimated the largest SNR radius of 45pc for a remnant expanding into an ISM with uniform density of 1.0 cm −3 , over 4×10 5 yr. A radius of 34pc was found when the magnetic field pressure was increased by a factor of 4. Notably, Asvarov (2014) employed a relatively small critical velocity, at Mac 2.
These predictions are consistent with the distribution of SNR sizes in nearby galaxies, for example as found by Badenes et al. (2010) , who found a sharp cut-off at a radius near 30pc, and the largest SNR radii near 60pc.
The formation of molecular clouds out of enriched warm interstellar gas is the subject of on-going research (e.g., see Vázquez-Semadeni et al. 2007 ); however, it appears that molecular clouds are short-lived objects within an on-going, equilibrium, process of rapid formation by gravitational instability and equally rapid disruption by stellar feedback (e.g., Mac Low, Burkert, & Ibáñez-Mejía 2017) .
Given these considerations, it seems reasonable that as UMi ran-out of gas and star formation in the galaxy drew to a close, that a single, stochastic, event might have enriched 10 4 M ⊙ of warm interstellar gas, all or part of which subsequently formed into a star-forming molecular cloud, producing the last few stars in UMi, including COS 171. Such an event might be more likely to result from a long-lived progenitor, delayed from a previous star formation epoch, such as a sub-Chandrasekharmass SNIa. Given the requirement for mixing of the SNIa ejecta with ∼10 4 M ⊙ of hydrogen, in order to produce COS 171, and that this is the natural outcome for a SNR mixing into warm interstellar gas, this is our favored scenario for the origin of COS 171.
SUMMARY
We have investigated the highly unusual chemical composition, found by CH10, of star COS 171 in the UMi dwarf galaxy. We confirm the stellar atmosphere parameters and LTE iron and other element abundances found by CH10, based on their published EWs. However, for oxygen abundances we employ the 6300Å [O I] line, from the CH10 spectra, corrected for telluric contamination. We also revise the potassium abundance in COS 171 down by 0.37 dex, based on an EW re-measurement of the somewhat saturated K I line at 7699.0Å in the CH10 spectrum.
The composition of COS 171 is unlike any MW halo star, with uniquely low X/Fe ratios for O, Mg, Si, Ca, Ti, Sc, V, Mn, Ni, Cu and Zn. Abundance ratio plots reveal that this unusual chemical composition seems to result from the addition of ∼0.7 dex of iron-peak material to a pre-existing composition, near [Fe/H]=−2.05 dex. Other UMi stars, slightly more metal-poor than COS 171, do not share the same iron-peak chemical locus, although an r-process enrichment in those stars is also seen in COS 171. The r-process enrichment appears to be disconnected and separate from the iron-peak peculiarity of COS 171.
We adopt star UMi 28104, with [Fe/H]=−2.08 dex, as a standard for comparison with COS 171, since UMi 28104 has a metallicity close to our estimate of the pre-existing [Fe/H] prior to COS 171. The similarity of the atmosphere parameters of COS 171 and UMi 28104 also results in a mitigation of systematic measurement errors, from various effects, in a differential comparison of abundance ratios.
Where possible, we have applied non-LTE corrections for the abundance ratios in COS 171 relative to UMi 28104, based on a variety of currently available non-LTE studies. However, no non-LTE corrections were available for vanadium.
An abundance ratio plot, of COS 171 over UMi 28104, shows the 0.7 dex Fe enhancement, and clear enhancements of Si, Ca, Cr in COS 171; mild or zero enhancements of C, Ti, Mn, Ni and Co are present. However, O, Na, Mg, K, Sc, V, Cu and Zn show no evidence of production between UMi 28104 and COS 171.
We have compared the composition of COS 171 with a variety of supernova nucleosynthesis predictions for a range of metallicities: low and high-mass core-collapse SNII; Chandrasekhar-mass SNIa; sub-Chandrasekhar mass SNIa; and pair instability supernovae. We find, in particular, that the Mn/Fe and Ni/Fe abundance ratios in COS 171 can only be reproduced in lowmetallicity sub-Chandrasekhar mass SNIa nucleosynthesis. Chandrasekhar-mass SNIa fail to reproduce the low Mn/Fe ratios, due to pre-explosive simmering that increases the neutron excess and the yield of neutron-rich species like Mn. Furthermore, the low Ni/Fe, Cu/Fe and Zn/Fe suggest an absence of alpha-rich freeze-out nucleosynthesis, which indicates a relatively low-mass subChandrasekhar mass SNIa. Our best estimate for the mass of the WD SNIa progenitor to COS 171, based on the predictions of Bravo (unpublished) , is 0.94 M ⊙ .
We conclude that COS 171 shows direct evidence of sub-Chandrasekhar mass SNIa nucleosynthesis.
We find that in order to reproduce the COS 171 metallicity by adding a a single SNIa event into the pre-existing UMi composition (near [Fe/H]=−2.05 dex), dilution with approximately 10 4 M ⊙ of hydrogen is required. Detailed calculations show that supernova remnants expanding into a warm interstellar medium, with a density near 1.0 cm −3 , must mix with 10 4 M ⊙ for the expansion velocity to reduce to the observed velocity dispersion of interstellar clouds, and could naturally explain the measured [Fe/H] of COS 171.
In our favored scenario for the chemical evolution of UMi and formation of COS 171, as UMi ran-out of gas and star formation in the galaxy drew to a close, a single, stochastic, low-metallicity sub-Chandrasekhar mass SNIa, with WD mass near 0.94 M ⊙ , enriched roughly 10 4 M ⊙ of warm interstellar gas, all or part of which subsequently formed into a star-forming molecular cloud, resulting in the last few stars in UMi, including COS 171.
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APPENDIX

A. Sub-Chandrasekhar Mass SNIa Nucleosynthesis Yields
In Tables 4-7 below, we give the element yields for sub-Chandrasekhar mass SNIa from the calculations of Bravo (unpublished), introduced in Yamaguchi et al. (2015) , for a range of masses and metallicities. 
